Abstract -According to the requirement of high precision and dexterous visual tracking system for the humanoid robot, a development of three degrees of freedom head robot is proposed, and the design principle is described in detail. The modular joint design method is adopted to reduce the complexity of the mechanism design effectively, and the control principle of the double closed loop of the joint is also described. The visual perception module is composed of a laser range finder camera and two CCD cameras, and the sensors fusion algorithm is used to get the target position. The distributed control system is constructed based on the EtherCAT bus. On the basis of the hardware design, the robot kinematics equation is set up, and studied is the visual tracking control strategy by use of the Damped Least-Squares Method for the redundant mechanism to avoid robot singularity. Experimental results show that the head robot proposed in this paper can track dynamic target accurately and dexterously, and the control method is effective.
I. INTRODUCTION
The humanoid robot has been one of the research hotspots in the field of robotics over the past decades. Humanoid robot head is an important part of the humanoid robot, integrated with the functions interaction with the outside world, such as visual, hearing, smell, facial expression, etc. Several humanoid heads have been developed [1] [2] [3] [4] [5] [6] [7] [8] , and the detailed surveys on head robot are proposed in [7] and [8] .
Like the human, the humanoid robot uses visual perception as a fundamental sensing capability to observe and track targets. Many visual perception tasks often require both wide range detection and local precise measurement, which is often achieved by the combination of wide-angle sensor and narrow-angle sensor. Breazeal et al. [9] implemented object tracking on a Kismet humanoid robot with narrow-angle cameras and wide-angle cameras. Damir et al. [10] proposed a humanoid head with seven degrees of freedom, and wideangle camera and narrow-angle camera are connected rigidly as a eye respectively.
For the target tracking tasks, a two degrees of freedom mechanism can basically meet the requirements but the blind tracking area exists inevitably. Therefore, the redundant mechanism is often exploited to avoid blind area and achieve full spatial dexterous tracking. A three-axis opto-electronic tracking system is proposed in the literature [11] , and minimum norm least squares method is used to design a tracking strategy. In the literature [12] , damping least square method is adopted to realize target tracking control for the three-axis antenna structure. Redundant mechanism has the advantage of dexterous movement, can often achieve the second goal in the realization of the main task at the same time. However, the inverse kinematics of the redundant mechanism is more complicated, which brings the challenge to the control system [12] [13] [14] .
II. OVERVIEW OF HEAD ROBOT
The main function of the humanoid head robot is to achieve the ability of visual target tracking similar to the human, so the design of the appearance and motion performance is based on the specifications of the human, such as shape size, motion velocity and motion range, etc. For the mechanism configuration, a series manipulator is selected which is similar to the human head and neck, to achieve a wide motion range and dexterity. The assembled humanoid head is shown in Fig.1 , which consists of a three degrees of freedom series manipulator, the visual perception module and the control system. The manipulator consists of three revolute joints, which is lower pitch, yaw, and upper pitch joint respectively. For a 3D space target tracking task, two degrees of freedom mechanism can meet the requirements, but in order to avoid singularity and enhance dexterity, the three degrees of freedom redundant mechanism is adopted as the mechanism of head robot. In order to track the dynamic target steadily, the head robot needs to have the ability of quick start and stop, stable movement and accurate positioning. For the structural design, the first is to ensure the precision of joint transmission. The second is to optimize the stiffness characteristics from the mechanical system layer, so as to avoid the occurrence of resonance during the motion of the robot. For the head robot, the position servo control bandwidth of joint is set to be 50Hz, so in order to ensure a good dynamics performance, therefore, the first resonance frequency of the head robot is designed to be 150 Hz, which is 3 times of the control bandwidth. The main kinematics parameters of the head robot are shown in table I. In addition, the weight of the robot head is about 5.8 kg. The visual perception module consists of one TOF laser range finder camera and two CCD cameras, and recognizes the target and measures its position through multiple sensors fusion algorithm.
III. SYSTEM DESIGN

A. Mechanical design
The humanoid head robot is designed by referring to the appearance and size of an adult human head, and the position relation of the three joints is offset, and the three degrees of freedom mechanism is shown in Fig.2 . Due to the robot head is mounted on the robot body, in order to reduce the burden of the robot, the structure needs to be designed to be lightweight and compact. According to the load characteristics of the robot end and the robot motion planning, the first step is to design the end joint, and then down to design the next joint, previously designed joint is as a known load for next joint, until the three joints design are completed. The modular design principle is adopted for the robot, the composition and working principle of all joints are the same, but the driving torque is adjusted according to the load. The series mechanism has the advantage that can realize a wide range of motion, but the disadvantage is that accuracy is poor in most cases. For the joint design of the series manipulator, the primary consideration is to ensure the accuracy of each joint to achieve the overall motion accuracy. Therefore, brushless DC motor and harmonic drive reducer are used to realize high precision and reliability transmission. The brushless DC motor has high precision and fast response characteristics. The harmonic drive reducer has the advantages of compact structure, and the transmission gap is almost equal to zero. An absolute value encoder is mounted in the joint output side to measure the joint position, and an incremental encoder is mounted in the back side of the motor to measure the joint velocity. Each joint is equipped with an electromagnetic brake to keep the joint in the fixed position in the case of power down. Taking the yaw joint as an example, the design principle of the modular joint is described, as shown in Fig.3 . And, the position servo closed loop control block diagram is shown in Fig.4 . According to the above modular joint design principle, the parameters of the motor and reducer are determined under the condition of maximum load. Maxon disk brushless DC motor and harmonic drive are chosen for all the three joints, and the all the reduction ratios are 100:1. The choice of motors, reducers and brakes are shown in table II. All the three incremental encoders have 1000 counts per turn, and the output of the encoders will be input to the controller by Fourfold Frequency Multiplication, so the actual resolution is 4000 counts per turn. All the three absolute encoders have 262144 counts per turn, so the position resolution is 0.00069°. 
B. Visual perception module design
In this paper, we mainly study the visual tracking problem for a moving ball. Visual perception module is responsible for target identification and position location. First of all, the spherical target is recognized to obtain representation of spherical targets in the image, and based on the recognition result, the relative position between the target and the cameras is calculated by use of model parameters of the spherical target and camera calibration parameters.
Visual perception module consists of a laser range finder camera (TOF) and two CCD cameras. Space ball positioning method is explained as follows. Firstly, the coarse position is get by using the TOF camera, accordingly the approximate location in CCD camera is get and the region of interest (ROI) is calculated. Then, precise positioning is realized by use of binocular stereo cameras in the region of interest. By using this method, the processing speed and measurement accuracy can be guaranteed simultaneously, and the probability of target error recognition can also be reduced. AVT Prosilica GC2450 with 8mm lens is chosen as the CCD camera, and MESA Imaging AG SR4000 is chosen as the TOF camera, which is mounted under the two CCD cameras. Due to the low resolution of TOF camera, only 176 pixels 144 pixels, the target recognition speed is fast and the search range of two CCD cameras can be quickly determined. And CCD camera resolution is up to 2448 pixels 2050 pixels, so the whole image search speed is very slow, but the processing speed can be improved by narrowing the search window.
C. Control system design
The Beckhoff embedded computer CX2040 is chosen as the main controller to establish a high bandwidth and quick response distributed control system, and the information transmission is realized through real time Ethercat bus. The main controller is used as the Ethercat master station to complete image processing and motion planning tasks. The drive controller of each joint is used as the slave station to achieve joint servo control. The communication between main controller and TOF camera and CCD camera is realized by Gigabit Ethernet. The whole control system block diagram is shown in Fig.5 . 
A. Kinematic model
The target tracking control is achieved by the following method. The moving target position is get firstly through the real-time measurement by the visual perception module, and then the corresponding angles of all three joints are calculated through the inverse kinematics equations. The joint angles obtained are passed to the drive controller to make the joint move to the specified position, for ensuring the visual axis always aim at the target. By using the virtual link method [10] , an additional prismatic joint is established between the camera coordinate system origin and the target. During the process of robot motion, the link end always touches the moving ball, as shown in Fig.6 . Therefore, the problem of the target tracking problem is equivalent to the inverse kinematics problem of the 4DOF RRRP manipulator. Therefore, instead of controlling direction of visual axis, we can now control the position of the end of the virtual link, which is also the position of the target. The link coordinates of the head robot are shown in Fig.6,  where (x c ,y c ,z c ) is the camera coordinate, and its z axis direction is defined as the visual axis. The robot D-H parameters are shown in the table III. . Inverse kinematic solution It is difficult to obtain the analytical solution of the inverse kinematics equation of a redundant robot in position field, but can obtain solution in the velocity field. The relation between joint and target velocities can be written as: = x Jq 1 where J is 4 4 Jacobian matrix for the 4DOF RRRP manipulator, q denotes the vector of joint velocities, x denotes the vector of target velocities.
In order to avoid singularity, the damped least-squares method can be adopted to solve (1) , and the solution is given as [12] I is 4×4 unit matrix, and 0 λ > is the damping factor. In the case of control period is very small, the position derivative can be replaced by the difference, (2) can be written by: 1 4 =( )
Δ denotes increment of joint position, x Δ denotes the increment of target position, which can be measured by the visual perception module in real time.
The damped least-squares method get the approximate velocity solution by sacrificing the target tracking accuracy. The damping factor plays a role in hindering joint move, which can be used as a means to avoid singularity and be given by: and t w is the threshold of manipulability and determine whether the robot near singularity, and 0 λ is the maximum damping factor. The closer to the singular posture, the greater the damping factor is, so the damping factor can play the role of avoiding the singularity. When the manipulability is greater than the threshold, the robot is far away from singularity, the damping factor is zero, so the damping has no effect.
.
Experiment and implementation
The motion control architecture is shown in Fig.7 , and the software flow diagram is shown in Fig.8 . The software program is implemented in the Beckhoff embedded IPC 2040, and the program is written in C++. The bandwidth of visual perception processing is 10Hz, and the control bandwidth of the joint is 50Hz. The experiment is performed in the real head robot platform to demonstrate the effectiveness of the algorithm. A ball is moved along an arbitrary trajectory by manual means, and the robot head can track the ball stably, as shown in Fig.9 . The experiment result shows that the motion control method proposed above is effective. 
IV. CONCLUSIONS
In this paper, the mechatronic design and implementation of a humanoid head robot is proposed. The design method of visual tracking system with characteristics of high precision, dexterity and fast response is described in detail, and the high precision joint position control is realized by the double closed loop servo control. The combination of coarse and fine cameras is able to positioning the target quickly and accurately by the multiple sensors fusion algorithm. By means of the damping least-square method, the head robot can track the moving target and avoid joint singularity meanwhile.
